Stable and re-usable thermo-responsive hydrogel nanofibres were produced by electrospinning poly(Nisopropylacrylamide) (PNIPAM) in presence of a polyhedral oligomeric silsesquioxane (POSS) possessing eight epoxide groups, and of a 2-ethyl-4-methylimidazole (EMI) as a catalyst, followed by a heat curing treatment. The roles of the organic-base catalyst in the formation of crosslinked polymer network, fibre morphologies, and hydrogel properties were examined in this paper.
Introduction
The most significant challenge for thermo-responsive hydrogels is the achievement of both fast response and structural integrity during the repeated volume changes [1] . The former requires water to rapidly access the whole material. To this end, nano-structures are considered ideal because they are usually accompanied by high porosity and reduced thickness in the solid domains. Indeed, thermo-responsive hydrogel nanoparticles and mesoporous membranes have been reported [2] [3] [4] [5] . However, it is hard to use nanoparticles alone for the construction of mechanically robust macrostructures. Mesoporous membranes, on the other hand, have a slow response speed, due to their small pore size, although they show good shape integrity. In contrast to the response speed, the structural robustness of hydrogels, determined by the material structure at both molecular and macroscopic levels, has received little attention. This feature is very important to the effective applications of a hydrogel. Nanofibres, mostly produced by an electrospinning technique, have a large surface-to-weight (or volume) ratio and electrospun nanofibre mats show high porosity with excellent pore-interconnectivity. However, linear PNIPAM is soluble in cold water, and nanofibres electrospun from linear PNIPAM are therefore unable to retain structural integrity upon usage [6, 7] .
Recently, a thermal-crosslinking process was reported to prepare a PNIPAM hydrogel film using polyhedral oligomeric silsesquioxane (POSS) as a crosslinker [8] . However, as demonstrated in this paper, the reported method is not suitable for making hydrogel nanofibres for two reasons: the severe shrinkage during the prolonged heat treatment at high temperature destroys the fibrous structure and the low efficiency of crosslinking results in the treated fibres remaining soluble in water, therefore dissolving upon contact with it. This paper builds on and expands previous work in the preparation of highly-crosslinked PNIPAM hydrogel nanofibres. Electrospinning linear PNIPAM in presence of a POSS crosslinker, possessing eight epoxide groups, and of a strong base catalyst (2-ethyl-4-methylimidazole, EMI), followed by a heat treatment, resulted in very stable and durable temperature responsive nanofibres. The effect of different concentrations of the POSS crosslinker on the properties of the resulting hydrogel nanofibres is here presented and discussed in details.
EXPERIMENTAL
A solution of PNIPAM (MW 300,000, Polysciences Inc., US) in DMF/THF (1:1 v/v) was prepared by adding different ratios of OpePOSS (Hybrid Plastics, Inc., US) and EMI (Sigma). To produce nanofibres, solutions containing PNIPAM, EMI and OpePOSS in different ratios were electrospun using a conventional needle electrospinning setup [9, 10] . During electrospinning, the solution flow rate, the applied voltage and the electrospinning distance were set at 0.6 mL/hr, 13 kV .: 
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and 17 cm, respectively. The as-electrospun nanofibres were annealed at 160°C under vacuum for 4 hours to induce crosslinking. Figure 1 shows the average diameter of the nanofibres as a function of the concentration of PNIPAM in the solution with a set OpePOSS concentration (15%). The results indicate that the diameter of the nanofibres becomes smaller with decreasing the concentration of the solution, as expected. The same trend in the average diameter vs initial polymer concentration was observed after heat-treatment, as shown in Figure 2 , although after heat-treatment, the diameter of fibres increased compared with non-treated samples. Overall, for the fibres with concentration below 15 %, the average diameter was successfully below the 1 µm, even after heat treatment. To maintain the diameter of nanofibres in the nanoscale, the concentration of the polymer solution to be electrospun for further experiments was chosen to be 15 % wt/vol. Temperature (°C)
RESULTS AND DISCUSSION

Size-controlled nanofibres
Confocal laser scanning microscopy of PNIPAM/OpePOSS nanofibres
The swollen and de-swollen hydrogel fibres were also imaged through confocal laser scanning microscopy (CLSM). A nanofibre mat (20%wt OpePOSS) stained with a fluorescent dye was repeatedly immersed in water baths at 20 °C and 40 °C and imaged. The typical fibre morphologies are shown in Figure 3 . Upon immersing the dry fibres in the colder water, the average fibre diameter increased to up to about 4μm. However, when the fully swollen fibres were put into 40 °C water, the average diameter decreased to about 2μm, indicating fast temperature response, as expected for PNIPAMbased hydrogels [11] . No fibre degradation was observed after repeated temperature cycling. 
Dimensional change of nanofibre mats at different temperature
It was found that temperature affected not only the transmittance of nanofibre mat [11] , but also their dimension. Figure  4 shows the dimensional (area) change of a nanofibre mat as function of temperature. At low temperatures, the nanofibre mat (15% OpePOSS) displayed both transparency and the maximum area. However, with increase in temperature, the nanofibrous mat showed gradually transparency, semi-transparency and opaqueness, while it shrank to the minimum area measured at about 32-33°C. This curve is very similar to the transmittance-temperature curve [11] and demonstrates tight correlation between the optical variations and the volume phase transition.mm Figure 5 shows the FT-IR spectra of PNIPAM nanofibres containing 15%wt OpePOSS before and after heat treatment. After heat-treatment, the epoxide characteristic peak at around 910 cm -1 in FTIR spectrum disappeared, pointing out the ring-opening of the epoxide groups in OpePOSS. The spectra collected show no degradation in the main peaks 
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LCST changes with OpePOSS content
The LCST of the hydrogel fibres was measured and showed dependence on the OpePOSS composition ( Figure 6 ). When PNIPAM contained 15 % OpePOSS, the cured PNIPAM/OpePOSS nanofibres had a LCST value of 31.8 °C. Once the OpePOSS content increased to 25 %, the LCST of PNIPAM slightly reduced to about 31 °C. In comparison, linear PNIPAM without OpePOSS had a higher LCST value of 34.1 °C. A reduction in LCST consequent to the introduction of OpePOSS is expected as a result of the hydrophobic contribution of the OpePOSS molecules. The small decrease in LCST and the high swelling ratio that followed crosslinking PNIPAM with OpePOSS can be attributed to the flexibility of the propylglycidyl links between the OpePOSS and PNIPAM, not restricting the molecular rearrangement of the Nisopropylacrylamide units during hydration/ dehydration cycles. 
Swelling ratio changes with OpePOSS content
The swelling ratio of the nanofibre mats was also observed to vary as a function of the OpePOSS content ( Figure 6) ; this can be explained in that a gradually higher crosslinking could, to a certain extent, reduce the flexibility of the PNIPAM chains, hence hindering re-arrangement. A higher OpePOSS content also resulted in a higher hydrophobic / hydrophilic proportion within the gel, thus accommodating lower amounts of water.
CONCLUSIONS
A simple, effective, and novel strategy was demonstrated to produce highly stable and re-usable thermo-responsive PNIPAM hydrogel nanofibres with tunable LCST and swelling ratios. This approach involves mixing with commercial PNIPAM a POSS molecule with eight reactive groups as crosslinker and a strong base catalyst to accelerate the crosslinking reaction. Insoluble nanofibres composed of a highly-crosslinked PNIPAM polymer network were produced after electrospinning and subsequent curing treatment. The catalyst played a crucial role in the formation of a highlycrosslinked polymer network and in maintaining the fibrous structure during the heat-curing treatment. The cured nanofibre mats quickly became swollen and transparent upon contact with water at a temperature below their lower critical solution temperature (LCST). The fibre mats responded very quickly to changes in temperature, by shrinking and becoming opaque when exposed to water above the LCST, and by swelling and turning transparent again when exposed to water at temperature below their LCST. This smart behavior, the possibility to tune the LCST and swelling ratio of the nanofibre mats by changing the OpePOSS content, and the dimensional robustness of the nanofibre mats in water made the produced hydrogel nanofibres highly valuable for applications in areas such as nano-actuators (optical and mechanical), sensors and "smart" biomedical tissue engineering scaffolds. Moreover, the method of using OpePOSS and EMI to prepare highly-crosslinked PNIPAM polymer network is suitable for processing other hydrogel architectures.
